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Abstract

The optical second harmonic generation (SHG) technique was successtully applied to the studies of electrostatic interactions between
azobenzene and viologen at the solid/liquid interface, The SHG was compared between an azobenzene-viologen linked compound and non-

linked systems. The presence of electrostatic interactions at the interface were verified.
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1. Introduction

Liquid interfaces offer various unique subjects to be probed
by the optical second harmonic generation { SHG) technique,
such as adsorption/desorption processes of chemical species,
chemical reactions, and so on [1]. Azobenzene derivatives
may be adequate probe molecules for this purpose, because
the photoisomerization induces substantial change in molec-
ular hyperpolarizability. Recently, photoisomerization of
azobenzene derivatives have been studied at air/water [21,
air/solid [3-10], and liquid/liquid | 11] interfaces by using
the SHG technique. Most of azobenzene derivatives used for
SHG studies have electronically different substituents at 4-
and 4'-positions, because they have large molecular hyper-
polarizabilities in the trans-form ( > 107 esu) due to the
contribution of intramolecular charge-transfer effect along
the molecular axis. In the case of azobenzene derivatives
whose substituents at 4- and 4'-positions are electronically
equivalent, on the other hand, molecular hyperpolarizabilities
in the c¢is-form should be much larger than those in the trans-
form. In fact, we found increase in the SHG response from
dialkoxyazobenzene adsorbed at the interface between hep-
tane and viologen-modified quartz plate by photoisomeriza-
tion from frans- to cis-form. In this stucy. we demonstrate
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the existence of adsorption/desorption equilibrium of
dialkoxyazobenzene photoisomers at the glass/liquid
intertace.

2. Experimental
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All compounds, 4.4’-diethoxyazobenzene 1, viologen 2,
an azobenzene-viologen linked compound 3 [12], and pyr-
idium compounds 4 and 5, were prepared in our laboratory,
and their purities were confirmed by elemental analysis and
NMR spectroscopy.

A quartz glass plate (8 mm x40 mm, | mm thick) was
first treated with KOH-saturated ethanol solution | 13.14].
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The plate was then kept dipping in methanol solution of 2
(5107 * M) or a pyridinium compound (4. 5) (1 x 10"
M), or in ethylacetate-methanol (95:5 v/v) solution of 3
(5% 107 *M). for 90 min to complete ion exchange, and then
dried at room temperature. The electronic absorption spec-
trum of the modified plate indicated that the surface was
covered by a submonolayer ot each molecule | 15].

In situ SHG measurements were carried out with the mod-
ified plate (vide supra) immersed into a heptane solution.
The experimental setup for in situ SHG measurements is
identical to the one described previously | 15]. Briefly. p-
polarized fundamental light (1064 nm) fromaNd: Y AG laser
{Continuum YG660B-10S. 5-6 ns. 10 Hz) was incident on
the modified plate at various incident angles (6. see Fig. 1)
with respect to the surtace normal. The p-polarized compo-
nent of the resultant SHG signal was measured with time-
gated detection equipments. Interference patterns of second
harmonic waves were clearly observed trom the plate. so that
the SHG signal was measured by fixing the incident angle at
a fringe maximum (around 45°). Photoisomerization of azo-
benzene was performed by using a high-pressure Hg lamp
(300 W). by irradiating a quartz cell { [0 mm X 10 mm X 40
mm) perpendicular to the laser beam. The SHG signal was
obtained by integrating over 32 faser pulses. Thus time
response of the system is 4-3 5.

Two types of photoisomerization—SHG experiments were
carried out as shown in Fig. 1. In Fig. l1a. | ml of the heptane
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Fig. |. Experimental geometries for photoisomerization—SHG measure-
ments. The high-pressure Hg lamp trradiated the entire region () ora purtial
region (b) of the solution at a right angle from the laser beam.

solution (or heptane) was added in the quartz cell together
with the modified plate, and the entire region of the solution
was irradiated by the Hg lamp to perform photoisomerization
in the whole solution. In contrast, 2 ml of the heptane solution
(or heptane) was added in the quartz cell and only a partial
region (2 mm > 10 mm X 10 mm) of the solution was irra-
diated. In both cases the luser was introduced at the middle
position of the irradiation region by the Hg lamp.

3. Results and discussion

The 1somer ratio of 1 in heptane was adjusted by irradiating
light from the Hg lamp. The trans-to-cis isomerization was
induced by ultraviolet light from the Hg lamp up to 340 nm
(denoted by Sw). while cis-to-trans isomerization by visible
light above 400 nm (denoted by Lw). In the case of a heptane
solution of 1 (2X10 ~* M), the isomer ratio (frans vs. ¢is)
wus kept constant even by repeated Sw-Lw irradiation
cyceles: 26 vs. 74% for Swirradiation, and 72 vs. 28% for Lw
irradiation. These ratios were retained more than 30 min in
the dark. Before trradiation. 1 was present as the rrans-form
quantitatively.

The SHG response at a fixed incident angle was continu-
ously recorded during Sw (! min)—dark (2 min)-Lw (1
min) irradiation cycles of the entire region (Fig. la). Fig. 2a
shows variation of SHG signals with the irradiation cycles.
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Fig. 2. Variations of SHG signals on photoisomerization of uzobenzene: ()
2-modified plate in the heptane solution of 1(2X 10 * M). (b) 3-modified
plate in heptane. The SHG signal at a fringe muxima taround 45°) was
recorded during Sw—dark-Lw irradiation cycles. The irradiation scheme 1s

shown on the top ot the tigure.



K Yamada et al. / Jownal of Photochemistry and Photobiology A: Chemisty 114 01998) 163- 166 165

when the 2-modified plate is immersed into the heptane solu-
tion of 1 (2X10"* M). Before irradiation. the SHG signal
was very small because the content of ¢is-isomer is negligible.
The signal increased steeply with the first Sw irradiation
because the mujority (74% ) of 1in the whole solution con-
verted 1o the cis-1somer. and remained constant in the sub-
sequent dark period. Then. the signal decreased by the
subsequent Lw irradiation due to the decrzase of ¢is-isomer
from 74% to 28%. Repeated Sw—dark-Lw irradiation gave
reproducible changes of SHG signals. Previous results indi-
cated that the SHG response was ascribed to noncentrosym-
metric  alignment  of  SHG-active  ¢is-isomer  of  a
4.4"-dialkoxyuazobenzene on the 2-moditied surface due (o
interactions between viologen- and 4.4"-dialkoxyazobenzene
moicties. It the intramolecular charge-transter interaction
from the ethoxy unit to the azo unitis assumed to induce the
molecular hyperpolarizability (8) in 4.4 -dialkoxyazoben-
zene. B-values for ¢is- and frans-isomers are estimated to be
the ordersof 10 *esuand 10 ™ esu, respectively. by molec-
ular orbital calculation.

In a similar manner. the SHG response wus investigated
when the glass plate modified with azobenzene-viologen
linked compound 3 was immersed into heptane. As shown in
Fig. 2b. the signal was ca. 100 (arbitrary units) before irra-
diation. The signal increased substantially by the Sw-irradi-
ation. and the subsequent signal changes with Sw—dark-Lw
irradiation cycles were quite reproducible. In each Sw—dark—
Lw irradiation cycle the signal in Fig. 2b was larger as com-
pared with the corresponding signal in Fig. 2a.

When a part of the heptane solution !or heptane) was
irradiated by the Sw light for 8 s as shown in Fig. [b. quite
different SHG profiles from Fig. 2 were observed. In the case
of 2-moditied plate immersed into the heptane solution of 1.
the SHG signal increased concomitantly with Sw-irradiation,
but decreased with time after ceasing photoirradiation (Fig.
3a). In the case of 3-modified plate immersed into heptane,
on the other hand. the SHG signal increased similarly by Sw-
irradiation, but it was retained more than 100 s even after
ceasing photoirradiation (Fig. 3b). These results clearly indi-
cate the existence of adsorption/desorption equilibrium of 1
at the 2-modified surface. During Sw-irradiation for 8 s. some
of 1 convertto the cis-isomer responsible to SHG. The formed
cis-isomer in the photoirradiated region, however, diffuses
away into the non-irradiated bulk region. In fact, the SHG
signal level in the dark period increased gradually by repeat-
ing Sw (8 s)-irradiation. due to gradual increase of the ¢is-
isomer in the solution. In the case of azobenzene—viologen
linked compound 3. however. the azobenzene moicty cannot
diffuse away from the viologen-modified surface. so that the
SHG signal is retained even after ceasing  partial
photoirradiation.

For both irradiation geometries. the SHG signal from the
3-modified plate in heptane was larger than the corresponding
signal from the 2-moditied plate in the heptane solution of 1.
According to absorption spectral measurements, amounts of
2 and 3 on the plates were comparable. These results are
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Fig. 3. Time profiles of SHG signal changes due to a partial irradiation of
the solution by Sw light ¢ <340 nm) for 8 s (1) 2-moditied plate in the
hepiane solution of T (2> 10 * M). (b) 3-moditicd plate in heptanc. The
Sw-trradiation condition is shown in the figure.

consistent with the existence of adsorption/desorption equi-
librium in the case of non-linked uzobenzene and viologen
system.

Partial irradiation experiments by the Sw light (8 s) were
also carried out for the 4-modified plaie (vide infra) in the
alkane solution of 1 (2% 107 M). As shown in Fig. 4. the
SHG signal increased with Sw-irradiation in each alkane
solution. However. the decuy time of the SHG signal after
ceasing photoirradiation was shorter for the solvent with
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Fig. 4. Elfects ol alkane solvents on the decay profiles of SHG signals after
veasing Sw-irradiation (8 s) of the partial region of the alkane <olution
containing 1 (2x 10 *M). The 4-modified plate is used. The Sw-irradiation
condition is shown in the figure,
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lower viscosity: half-widths of the signal profiles are ~ 15 s
for heptane (viscosity (mPa s) at 20-23.3% 0.41). ~28 s
for nonane (0.71), ~32 s for undecane (1.17), and ~49 s
for tridecane (1.55). These observations are consistent with
the results of Figs. 2 and 3; molecular diffusion is slower for
a solvent with higher viscosity so that the noncentrosymme-
tric alignment of the cis-isomer can be retained for a longer
time in a more viscous solvent,

In order to elucidate the role of violcgen moiety on the
glass surface for obtaining the SHG response from the ¢is-
isomer, some other pyridinium compouncds 4 and § were used
in stead of viologen. The intensities of SHG signals from the
modified plates with 2, 4, and § were compared in the heptane
solution of 1 (2x 10 * M) at the first Sw-irradiation.
Although the surface coverages of 2 and 4 were comparable
each other, the signal from 4-modified plate was about twice
as large as that from 2-modified plate: thus, the 4-modified
plate was used in the study of viscosity effect (Fig. 4) to
improve the signal-to-noise ratio. In the case of 5-modified
plate. the surface coverage was more than twice those of 2
and 4, but the SHG signal was negligibly small. These results
imply that the electrostatic interaction between the pyridi-
nium groups of 4 and the oxygen atoms of dialkoxyazoben-
zene 1 occurs more snugly than in the case of 2. Probably the
cationic pyridinium moieties of 2 and 4 are more exposed to
the heptane solution as compared with the pyridinium group
of §; the hydrophobic benzil group of 5 may be stand-up from
the glass surface so as to hinder the electrostatic interaction
described above.

In the previous spectroscopic studies of the azobenzene—
viologen linked compounds, no appreciable interactions
between azobenzene and viologen moieties have been
reported in bilayer membranes [ 12]. The presentin situ SHG
results clearly indicate the presence of electrostatic interac-
tions between the two moieties at the glass/solution interface
when the viologen moiety is confined at the glass surface.

Detailed studies as to the role of spatial alignments for cati-
oni¢c moieties on the plate are now in progress.
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